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Trypanosoma cruzi is an obligate intracellular parasite infecting 18-20 million
people in Latin America. It is the causative agent of Chagas' disease, commonly referred to
as American Trypanosomiasis. The C3H murine model is widely used to study
experimental Chagas' disease. It is well documented that when these highly susceptible
mice are infected with the Brazil strain of T. cruzi and maintained at room temperature
(RT), mice die between day 35-45 of infection. However, when held at an elevated
temperature of 36°C, C3H mice survive an otherwise lethal infection with T. cruzi. When
held at 36°C, the body temperature of the mice increases 3-4°C and the mice experience
decreased parasitemia and enhanced parasite-specific and non-specific immune responses.
The present study was designed to determine whether heat shock proteins (hsps) of the
parasite might be playing a role in this phenomenon. In the first set of experiments antibody
responses to parasite hsps were analyzed using metabolic labelling with
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methionine/cysteine followed by immunoprecipitation, SDS-PAGE and autoradiography.
The results showed that by day 15, serum from RT-infected mice recognized proteins of
approximately 93kDa, 83kDa, and 66kDa, while in mice held at 36°C the major proteins
recognized were 93kDa and 83kDa. By day 25, a high MW band of approximately 183kDa
was recognized by serum from mice held at RT and 36°C. A stronger response to the
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93kDa, 83kDa, and 66kDa proteins was seen in RT-infected mice as compared to 36°Cinfected mice. By day 35, another high MW protein of approximately 192kDa was
recognized by sera from both RT and 36°C-infected mice. Strong reactivity with the
183kDa, 93kDa, 83kDa, and 66kDa proteins was seen in both groups of mice on day 35.
By day 45 of infection, serum from 36°C-infected mice recognized proteins of
approximately 183kDa, 93kDa, 83kDa, and 66kDa more intensely than in the RT-infected
mice group. In addition, a low MW protein of approximately 27kDa was recognized only
by serum from 36°C-infected mice. These results provide evidence that parasite heat shock
proteins are playing an important role in providing a temperature-related resistance in T.
cruzz-infection. In the second set of experiments histopathological changes in the heart and
skeletal tissues of mice maintained at RT or an elevated temperature of 36°C were
compared. Parasitemias were also performed at regular intervals. Results showed that mice
maintained at RT experienced parasitemias as early as day 15 post-infection (p.i.) and the
parasite numbers continued to increase until day 42 p.i., at which time the final two RTinfected mice were killed. The infection appeared early in the heart and by day 42 p.i.
heavy infiltration of chronic inflammatory cells, severe necrosis, edema, and large numbers
of pseudocysts, containing amastigote stages of the parasite, were observed. Skeletal
muscle was involved later in infection and displayed similar characteristics as seen in the
heart. In contrast, in mice maintained at 36°C parasites were first observed, in blood, on
day 21 p.i. Heart and skeletal tissue of mice killed on days 15 and 25 p.i. did not display
any observable pathological abnormalities. However, a few pseudocysts were detected in
the hearts of mice killed on day 35 p.i. Sections of heart taken from mouse #7 and #8,
killed on day 95 p.i. showed some interesting characteristics. Mouse #7 experienced peak
parasitemia on day 47 p.i. which was completely resolved by day 76 p.i. In contrast,
mouse #8 continued to experience a moderately high parasitemia throughout the course of
infection. The histology of the heart and skeletal tissue of mouse #8 revealed some
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pseudocysts, and infiltration by chronic inflammatory cells. No abnormal changes were
observed in the heart and skeletal tissue of mouse #7. The data from this study provide
strong evidence that elevated environmental temperature has a negative effect not only on
circulating parasites but also on tissue stages of the parasite in both acute and chronic stages
of T. cruzi infection in mice held at 36°C.

INTRODUCTION

Life Cycle
Trypanosoma cruzi is an obligate intracellular protozoan infecting millions of people
in Latin America. It is the causative agent of Chagas' disease (also called American
Trypanosomiasis). Trypanosoma cruzi is a highly pleomorphic parasite. It exhibits 3
distinct developmental stages in its life cycle: trypomastigote, amastigote, and epimastigote.
Trypomastigote and amastigote stages are present in mammalian hosts, while in the
invertebrate hosts, trypomastigote and epimastigote stages are present. These three stages
are distinguished from each other based on the morphology of the cell, relative position of
the kinetoplast (the mitochondria of T. cruzi) and nucleus, and the region where the
flagellum emerges from the flagellar pocket (Pereira, 1990). Trypomastigotes have a
kinetoplast located posterior to the nucleus, they are C-shaped and are approximately 20|im
long and 2(im in width. In the mammalian host they are located extracellularly in the
circulation as well as intracellularly in the tissues. In the invertebrate host, trypomastigotes
are found extracellularly in the posterior intestine. Amastigotes are the intracellular
replicating form of the parasite in mammalian cells. They are round, possess a small
flagellum and multiply by longitudinal binary fission with a doubling time of approximately
7-14 hrs. Epimastigotes have a kinetoplast located anterior to the nucleus. They are spindleshaped, 20-40(im long and are located in the midgut region of the invertebrate host
(Pereira, 1990). The epimastigote is the replicating form of the parasite in the invertebrate
host. It multiplies and maintains infection for as long as the insects live (1-2 years)
(Pereira, 1990). The trypomastigote, the infective form of the parasite, is transmitted to
1
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humans and other mammals by triatomine bugs in the family Reduviidae. The parasites are
passed with the feces of the bug during a blood meal. Upon entering the blood stream,
trypomastigotes invade macrophages and other nucleated cells of the body. The parasite
escapes the lysosomal defense system and enters the cytosol of the infected macrophage
where it transforms into the amastigote stage. Following several rounds of division,
amastigotes then transform to trypomastigotes which are released, by rupturing the
infected cell, to enter the blood circulation or to invade other adjacent cells. Insects become
infected when they ingest the blood-form trypomastigotes (BFT) during a blood meal.
Trypomastigotes transform into epimastigotes which then migrate to the midgut where they
multiply. Epimastigote stages then migrate to the posterior intestine, where they attach to
the rectal glands and differentiate into trypomastigote stages, which are released with the
feces during a blood meal (Bogitsh and Cheng, 1990).

Epidemiology of Chagas' Disease
Trypanosoma cruzi infection is very prevalent in Latin American countries where
approximately 18-20 million people are currently infected with 3 million still in the
incubation period (WHO, 1991). The presence of the parasite in such a large number of
individuals poses a serious threat to at least 90 million people which represents
approximately 25% of the total of 360 million inhabitants living in endemic countries.
There are approximately 1 million new cases of T. cruzi infection each year and an
estimated 45,000 deaths due to this parasite (WHO, 1991). The prevalence and incidence
of disease as well as mortality rates are continuously changing as a result of population
migration, control programs, changes in the socioeconomic status, etc. According to a
1989 estimate, 59.5% of the total territory of Argentina, 80% of more than 1,000,000
square kilometers (km) in Bolivia, a 3,600,000 square km area in Brazil (representing
approximately 44.5% of the country), 350,000 square km in Chile (46% of the country),
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and more than 125,000 square km in Uruguay are endemic to the infection. The disease is
also widely distributed in Mexico, Colombia, Panama and other Latin American countries.
In the United States of America, cases are mainly reported from Texas and California
(WHO, 1991). At present there is no safe and effective treatment or vaccine available for
Chagas' disease.

Clinical Manifestations of Chagas' Disease
Three distinct clinical stages are recognized in Chagas' disease: a short acute stage,
a clinically asymptomatic intermediate stage, and a long lasting chronic stage of infection.
In the acute stage, patients show signs and symptoms of fever, general malaise, hepatosplenomegaly, lymphadenopathy, generalized edema, acute myocarditis, and localized
swelling (commonly refered to as chagoma). In more than 90% of recently infected
children a characteristic unilateral, periorbital, edematous swelling, associated with
conjuctivitis is seen. This syndrome is commonly refered to as Romana's sign (Bogitsh
and Cheng, 1990). The intermediate stage of Chagas' disease usually begins 8-10 wks
after the onset of acute stage, when the patient is clinically asymptomatic, serological tests
for Chagas' disease remains positive. The incurable lesions of Chagas' disease develop in
one-third of those infected, some 10-20 years after the initial acute phase. The heart is the
most commonly effected organ in chronic Chagas' disease. The conduction system is
typically involved resulting in right bundle-branch block, or complete venticular block and
the patient may show signs and symptoms of arrythmias, cardiomyopathy, and
thromboembolism. Death usually results from congestive heart failure. Megaesophagus,
megacolon, or both ("megadisease") develop in some patients and are associated with
dysphagia, regurgitation, repeated aspiration, and severe constipation (Kirchhoff, 1993;
WHO, 1991). Trypanosoma cruzi can also invade the central nervous system and, in rare
cases, especially in patients with acquired immunodeficiency syndrome, can cause

meningoencephalitis (Rocha, 1994; Kirchhoff, 1993).

Histopathology in Experimental Chagas' Disease
Experiments performed with C57BL/6 mice infected with the Brazil strain of T.
cruzi have demonstrated that tissue parasitism is more severe in the skeletal muscle than in
heart, and very mild in the esophagus and spleen. The cellular infiltrate is primarily
composed of lymphocytes with fewer macrophages and neutrophils (Sun and Tarleton,
1993). Immuno-histological studies have shown that the majority of lymphocytes found in
cardiac inflammatory lesions are Thy 1+ of CD4+ and CD8+ subpopulations. CD8+ T cells
outnumber CD4+ T cells by a ratio of 3:1 (Sun and Tarleton, 1993). Similar results were
reported for the skeletal muscle tissue. Macrophages represent a small proportion of the
inflammatory cells in both cardiac and skeletal muscle lesions. CD8+ T cells were found to
be the major lymphocytes in cardiac inflammatory lesions of C3H mice infected with the
SylvioX10/4 clone of T. cruzi (Sun and Tarleton, 1993). Few lymphocytes were observed
in the skeletal muscle as this particular strain of T. cruzi resulted in a low level of infection
in this tissue. CD8+ T cells were also found to be the major lymphocytes subpopulation in
the inflammed myocardium in chronic experimental Chagas' disease and depletion of CD8+
and CD4+ T cells increases susceptibility to infection with T. cruzi (Tarleton et al., 1994).

Elevated Temperature Effects on Experimental Chagas' Disease
As early as 1909, Sudmersen and Glenny described seasonal variation in the
susceptibility of guinea pigs to diphtheria toxin. In early 1937 seasonal variation in disease
severity during the course of infection with St. Louis encephalitis virus in mice and
endemic typhus in guinea pigs was reported (Lillie et al., 1937). It was found that these
infections were more intense during the winter than during the summer months. Kolodny
(1939) investigated the effects of seasonal variation during the course of experimental
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Chagas' disease in albino rats and found that the infection was less intense during the
summer months than during fall, winter or spring seasons. He later reported that rats
maintained at an elevated temperature of 90-95°F experienced lower parastemias and
increased survival when compared to rats maintained at room temperature (70-75°F) or a
low temperature of 40-45°F (Kolodny, 1940). In fact, rats maintained at 40-45°F
experienced higher parasitemias and a higher mortality rate than age-matched rats
maintained at room temperature (RT). These early experiments led other researchers to
further investigate the protective effect of elevated temperature during experimental Chagas'
disease.
In an abstract published in Progress in Protozoology, Trejos et al. (1965) reported
that highly susceptible C3H mice infected with a non-lethal strain of T. cruzi and
maintained at 18°C experienced higher numbers of circulating parasites as compared to mice
infected and maintained at an elevated temperature of 37°C. When mice maintained at 18°C
were transferred to a temperature of 37°C, mice initially experienced an increase in parasite
numbers followed by a drop in parasitemia. C3H mice infected with the lethal strain of the
parasite and continuously maintained at 18°C died by day 17 of infection; whereas, some of
the mice infected and maintained at 37°C survived for more than 120 days and experienced
very low parasitemias. The authors stated that histological sections of heart tissue of mice
infected and maintained at 18°C showed heavy infiltration of inflammatory cells and large
numbers of parasites. No parasites or signs of myocardial infection were observed in the
animals kept at 37°C. Oteino (1972) performed temperature shift experiments using the
Swiss white CD-TO strain of mice and several different species of Trypanosomes. He
reported that mice infected with the T. evansi and maintained at an elevated environmental
temperature of 35°C failed to develop the infection. When these mice were transferred to an
environment of 23-27°C, no parasites were observed for ten days. These mice were then
challenged again with T. evansi. Three out of six mice developed infection and died; one

mouse developed a low grade infection which was cleared from the circulation 27 days
after challenge; and two mice failed to develop infection. However, the control mice
infected with the same strain of the parasite developed acute infection and died by day eight
of infection. Similarly, when mice showing patent infection were transferred from an
environmental temperature of 23-27°C to an elevated temperature of 35°C, trypanosomes
rapidly disappeared from the circulation. Upon transferring these mice back to the 23-27°C,
infection failed to develop in half of these mice, indicating that these mice had developed
protective antibodies. One mouse developed heavy parasitemia and died, and two mice
developed a very mild parasitemia which was eventually cleared from the circulation.
Similarly, when mice infected with T. brucei were maintained at 35°C the parasite became
less virulent. Further experimental support was provided in reports by Marinkelle and Guhl
(1978) and Guhl et al. (1979), who demonstrated that the protection observed in T. cruzi
infected mice held at 36°C could be conferred on infected mice held at RT by passive
transfer of hyperimmune sera. Anti-chagasic antibody titres, examined by an indirect
immunofluorescent test, were always two to four fold lower in donor mice than in recipient
mice (Marinkelle & Guhl, 1978). Recently, Gao (1995) reported similar results with C3H
mice infected with the Brazil strain of T. cruzi. When infected mice were transferred from
RT to an elevated temperature of 36°C parasites were rapidly cleared from the circulation.
These interesting observations raise the question of what mechanisms are involved in this
response to changes in environmental temperature.
Elevated environmental temperature may have a variety of effects on parasites.
These effects may range from changes in the morphology of the parasite to changes in the
production of heat-inducible proteins by the parasites. It was reported that the
trypomastigote stage of T. brucei in infected mice maintained at 36°C appeared to be less
pathogenic than in the control animals kept at RT (Otieno, 1973). Monomorphic
trypomastigote stages of T. brucei became pleomorphic when infections were controlled by
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high ambient temperature. When the animals were treated with an immunosuppressive
agent, the aberrant forms were not removed from the circulation; therefore, a large number
of unusual forms were observed. These morphological changes in trypomastigotes were
believed to be the cause of the observed reduction in virulence (Otieno, 1973).
Irradiation and immunosuppressive treatment of mice prior to inoculation have been
shown to abrogate the beneficial effects of elevated environmental temperature during T.
cruzi infection (Dimock et al., 1991) and T. brucei infection (Otieno, 1973). Such results
indicate that the beneficial effects of an elevated temperature of 36°C on the course of
infection are due to the actual enhancement of immune-responsiveness of the host. When
C3H strain mice were inoculated and treated with cyclophosphamide (an
immunosuppressive agent) and kept at 36°C, mice reached peak mean parasitemia levels
that were 8.6-fold higher than that in non-cyclophosphamide treated mice infected and
maintained at the same temperature. All of the cyclophosphamide-treated/infected mice died
by day 31 of infection, as compared to the non-treated/infected mice that survived well past
day 100 of infection with very low parasitemias (Dimock et al., 1991). These observations
indicate that enhanced host immunity may play a significant role in temperature related
resistance to T. cruzi infection.
Several investigators have demonstrated that the antibody response to heterologous
antigens is greatly enhanced at elevated temperature. Sariran and Nickerson (1982) reported
a two to five fold increase in humoral responses to sheep red blood cells (SRBC) following
hyperthermia which appeared to be mediated by T lymphocytes. Jampel et al. (1983)
reported that increased incubation temperature enhances the non-specific immune response
of murine spleen cells when challenged with SRBC. Anderson and Kuhn (1989) used a
trinitrophenol-T. cruzi (TNP-TC) conjugate to investigate the effects of higher temperature
on in vivo parasite-specific immune responses. They observed a 7 to 8-fold stronger direct
plaque-forming cell (DPFC) response to TNP-TC in T. crwz/-infected mice maintained at
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36°C than in RT maintained mice, indicating that maintenance of mice at an elevated
environmental temperature may abrogate parasite-specific suppression of T-helper cell
activity. Recently, Guo (1994) reported that CD4+ T cells are required for the protective
effect of elevated temperature in T. cruzi infected mice. The CD4 non-depleted mice
maintained at 36°C showed 100% survival through day 52 of infection. However, the CD4
depleted mice maintained at 36°C showed 100% mortality by day 46 of infection (Guo,
1994). Ming (1994) reported similar results for the protective role of CD8+ T cells in the
immune response to T. cruzi in mice held at elevated temperature. The significantly
enhanced parasite-specific and non-specific cell-mediated immune responsiveness observed
in infected hosts held at an elevated environmental temperature may be due to increased
helper and effector functions of CD4+ T cells (Jampel, et al., 1983; Tarleton and Kuhn,
1985; Anderson and Kuhn, 1989; Hontebeyrie-Joskowicz, 1991; Guo, 1994), increased
cytotoxic activity of CD8+ T cells (Tarleton, 1990; Ming, 1994), killing activity of natural
killer cells (Lederman et al., 1987), or the regulatory function of a variety of cytokines such
as IL-2 (Tarleton and Kuhn, 1985; Choromanski and Kuhn, 1985; Gern et al., 1991).
Dimock et al. (1992) used enzyme-linked immunosorbent assay (ELISA) and
immunoblot analysis to measure the production of anti-7. cruzi antibodies in mice held at
elevated temperature at various times post-infection. The levels of anti-7. cruzi antibodies
were initially lower (before day 35 of infection) in infected mice maintained at 36°C.
However, these levels progressively increased during the course of infection. The strongest
reactivity was observed in sera collected on day 91 of infection, at which time parasitemia
levels were almost completely undetectable. The results of these and other studies suggest
that both cell-mediated and humoral immune responses play an important role in enhancing
the immune responsiveness in animals infected and maintained at elevated temperature.
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Heat Shock Response
Prokaryotic and eukaryotic cells have a number of different adaptive strategies to
counter adverse changes in their environment. When cells are exposed to elevated
temperature, they respond by synthesizing a group of highly conserved proteins called heat
shock proteins (hsps). In addition to heat shock, these proteins are expressed in response
to a variety of other adverse stimuli including exposure to heavy metals, amino acid
analogues, various ionophores, and metabolic poisons. Due to the generalized nature of the
response it is now often referred to as "stress response," and the proteins whose
expression increases, the "stress proteins" (Elliot, 1990; Newport et al., 1988; Young et
al., 1988; Young, 1990; Kaufmann, 1990; Engman et al., 1990; Olson et al., 1994;
Rondinelli, 1994). The heat shock response was first described in a paper published in
1962 by Ritossa. The paper described a new set of puffs on the salivary gland
chromosomes of a fruit fly, Drosophila busckii. Puffs were induced by heat, dinitrophenol,
or sodium salicylate. The dominant puffs occurred at only a few places in the fly's
chromosome and were shown to involve new RNA transcription. These studies led to the
identification of the heat shock elements and heat shock factor (Perisic et al., 1989). Heat
shock elements consist of inverted repeats of the DNA sequence -nGAAn-located 100-200
bp upstream of the initiation site of the heat shock gene. Heat shock factor (hsf) is a protein
that binds specifically to the heat shock element. In most eukaryotic cells, growing at
normal temperature, the heat shock promoter is unoccupied and hsf is present but inactive.
However, as cells are exposed to heat shock, hsf is activated and binds to the heat shock
element and stimulates transcription of the heat shock genes. Most eukaryotes have more
than one region encoding hsfs. In mice there are two hsfs that respond differently to
temperature. One is inactive at normal temperatures but active at high temperatures;
whereas, the other is active at normal temperature and inactive at high temperature (Sarge et
al., 1991). Eukaryotic hsfs are highly divergent in sequence except for a DNA-binding
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domain near the amino terminus and several repeats of hydrophobic amino acids containing
a coiled-coil motif that functions as a trimerization domain (Lis and Wu, 1993). It is the hsf
trimer that binds stably to the heat shock element of the DNA. The signals that initiate
binding of hsfs to the heat shock element, thereby activating gene transcription, have not
been identified, but misfolded proteins are postulated to play a key role in this event
(Zimarino and Wu, 1987). When cDNA for either human or Drosophila hsf are inserted
into appropriate expression vectors and transfected into cells, two forms of hsf are
expressed: at normal temperatures a monomeric form that does not bind to a DNA heat
shock element, and at elevated temperature a trimeric form of a DNA-binding protein with a
molecular weight equivalent to a hsf trimer (Rabindran et al., 1993). Most heat shock
proteins are classified based on their apparent molecular weight. Cells are heat-shocked and
newly synthesized proteins are labeled by co-incubation with radioactively-labeled amino
acids. Proteins are separated on SDS polyacrylamide gels and identified by autoradiography. This approach has led to the grouping of hsps into families of different size: i)
HSP110, ii) HSP90, iii) HSP70, iv) HSP60, and v) small molecular weight HSPS (see
Table 1).
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Table 1. Stress protein families and their characterization (Elliot, 1990).
Protein
Family

Other Names/Relations

Characterized In:

Functions

Intracellular Location
(Stressed)
(Normal)

hsp 110

C23 nucleolar protein

Mammals

RNA binding
Ribosome stabilization ?

ND

Fibrillar nucleolus

hsp 90

HSP83 (D. melanogaster)
HSC83 (S. crevisiae)
Meth A tumor antigen
GRP94 (mammals)

Drosophila, yeast, birds,
mammals, trypanosomes,
bacteria

Protein:protein interaction,
e.g; pp60 & other tyrosine
kinases, steroid chaperonins

Cytoplasm

Nucleus

hsp 70

DnaK (E. coli)
GRP78 (mammals)
BiP (mammals)

Drosophila, yeast,
bacteria, mammals

ATPase; protein: protein
interactions; protein folding
and/or transport across lipid
bilayers: foldases

Endoplasmic
Nucleus
Reticulum (ER)

hsp 60

GroEL (E. coli)
hsp 68 {tetrahymia)
Bacterial 'common antigen'

Bacteria, tetrahymia,
mammals

Assembly of multimeric
complexes (e.g; phage heads);
transport of proteins from cytoplasm to mitochondria

Mitochondria

Small hsp's
(14-50kd)

hsp 27 (mammals)

Yeast, protozoa,
Drosophila, plants

Developmentally induced ?

Perinuclear
Golgi

All eukaryotic cells

Degradation of abnormal
and short-lived proteins

Cytoplasmic

Ubiquitin
(~8kd)

Nucleus
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Members of a given family not only share a similar size but also show extreme
conservation of sequence and function. The term "molecular chaperone" was coined to
describe the general house-keeping function of these proteins. A molecular chaperone is
defined as follows:
"A protein that binds to and stabilizes an otherwise unstable conformer of another
protein and by controlled binding and release of the substrate protein, facilitates its
correct fate in vivo: be it folding, oligomeric assembly, transport to a particular
subcellular compartment, or controlled switching between active/inactive
conformation." (Hendrick and Harth, 1993).

The term, chaperone, was originally used by Laskey et al. (1978) to describe the
function of nucleoplasmin, an abundant protein found in Xenopus oocytes that binds
tightly to purified histones and promotes nucleosome assembly by donating the bound
histone to assembling chromatin.
The importance of many hsps is based on their ability to associate with other
proteins in a way that modifies the destiny and function of the latter. Often, the association
and dissociation of hsps and their partner molecules are facilitated by ATP hydrolysis.
Hsp90 binds to steroid receptors and prevents their binding to nuclear DNA until the
steroid hormone is bound (Sanchez et al., 1987). In the absence of hsp90, steroid receptors
interact with DNA independently of the presence of steroid hormones. Thus, hsp90
functions as a chaperone which prevents premature interactions between steroid receptors
and DNA.
Members of the hsp70 and hsp60 families play a major role in the folding,
unfolding and translocation of polypeptides as well as in the assembly and disassembly of
oligomeric protein complexes. Many proteins are translocated between intracellular
compartments in an unfolded state. Heat shock proteins 70 and hsp60 cognates are
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involved in the unfolding of cytoplasmic proteins and their subsequent translocation into
mitochondria, chloroplasts, or the endoplasmic reticulum. Once inside these compartments,
members of the hsp60 and hsp70 families facilitate refolding of the proteins and their
subsequent assembly into oligomeric complexes (Feige and Polla, 1994). One of the best
examples of this is immunoglobulin binding protein (BiP). BiP belongs to the hsp70
family. It binds to the immunoglobulin heavy chain within the endoplasmic reticulum until
association with the immunoglobulin light chain occurs, thus preventing premature self
assembly of heavy chains. In the absence of light chains, BiP remains permanently bound
to the heavy chain, retaining it within the lumen of the endoplasmic reticulum (Hass and
Wabl, 1983).
Members of the hsp70 and hsp60 families represent major targets for antibodies in
many infections with parasites and bacteria. Antibodies against hsp70 have been described
in patients suffering from malaria (Plasmodium falciparum ), Chagas' disease (T. cruzi ),
leishmaniasis (Leishmania donovanii and major), schistosomiasis (Schistosoma mansoni
andjaponicwn), tuberculosis {Mycobacterial tuberculosis), and leprosy (Mycobacterial
leprae ) (Shinnick, 1991). The hsp7O family is the most highly conserved of all heat shock
protein families and comprises cytoplasmic/nuclear (hsp70/hsc70), endoplasmic reticular
(BiP or grp78), and mitochondrial (mt70) forms in eukaryotes. Some of these proteins are
constitutively expressed (e.g., the heat shock cognate hsc70), while others are induced
upon heat shock, or after exposure to other stresses. The mt70 and hsp70 genes are
arranged in tandem arrays located on different chromosomes. The structure of hsp70
consists of two domains: a highly conserved N-terminal ATPase domain and a less
conserved C-terminal peptide binding domain (Feige and Polla, 1994). Members of the
hsp70 family have been shown to be antigens of several parasites and bacteria. During its
parasitic cycle, T. cruzi alternates between an insect vector and a mammalian host. Thus, a
heat shock (25°C to 37°C) is naturally included in its biological cycle. These environmental
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changes are accompanied with the production of different parasitic cell forms: epimastigotes
and metacyclic trypomastigotes are predominant in the insect; whereas, amastigotes and
blood form trypomastigotes are present in the mammalian host (Olson et al., 1994).
A 70kDa surface protein of T. cruzi reacts strongly with sera from chronically
infected mice. A gene coding for a 7 lkDa protein was isolated by screening a cDNA library
with a rabbit antiserum raised against the purified serum surface antigen. The cloned
protein showed 55% homology with the E.coli hsp7O and 45% identity with eukaryotic
hsp70s. However, the cloned hsp70-like gene did not react with antibodies elicited by the
cloned protein, leaving uncertain the antigenic properties of this hsp70 homologue
(Engman et al., 1989). In a subsequent study designed to investigate the role of human
humoral immune response to T. cruzi infection, Engman et al. (1990) found that hsp70 is
in fact a major antigen in Chagas' disease. However, antibodies to T. cruzi hsp70 did not
react with human hsp70, despite the 73% amino acid homology. Members of hsp90 family
range in size from 83-90kDa. The heat shock protein genes are found in a single copy or as
a multigene family in eukaryotic genomes. Hsp90 proteins are abundant cytoplasmic
proteins in most cells growing under normal conditions. The hsp90 proteins of three
parasites, T. cruzi, S. mansoni, and Plasmodium falciparum, have been reported to be
antigenic (Shinnick, 1991).
The heat shock response in T. cruzi epimastigotes induces the synthesis of hsps of
approximately 103kDa, 92kDa, 75kDa, and 61kDa as analyzed by SDS-PAGE (Carvalho
et al., 1987). An 83kDa heat inducible protein is also produced by T. cruzi epimastigotes
cultured at 40°C (Dragon et al., 1987). The synthesis of hsps in eukaryotes at elevated
temperature is accompanied by an increase in the efficiency of transcription and translation
of heat shock protein mRNA (Scott and Pardue, 1981; Carvalho et al., 1990; Requena et
al., 1992). The hsp70 genes of T. cruzi are constitutively expressed at 28°C; however,
there is a 4-fold increase in the synthesis of hsp70 transcripts when the temperature is
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raised to 37°C (Requena et al., 1992). When RNA synthesis is reduced by actinomycin D,
the induction of hsp70 is maintained, indicating the presence of a stock of hsp mRNA.
Thus, T. cruzi hsp70 gene expression is controlled at both transcriptional and posttranscriptional levels (Carvalho et al., 1990).
Hsp70 has been described as a major target of human humoral immunity during T.
cruzi infection (Engman et al., 1990; Requena et al., 1993). Dimock et al. (1992) identified
a 61kDa T. cruzi antigen produced by blood-form trypomastigotes (BFTs) collected from
mice maintained at 36°C. This 61kDa antigen was strongly recognized by sera from mice
held at 36°C but only faintly recognized by sera from mice held at room temperature,
indicating that this antigen is perhaps not very immunogenic at RT. Also a low molecular
weight band of approximately 19kDa was recognized more intensely by sera from mice
held at 36°C.
The purpose of the present study was to investigate the possibility that parasite heat
shock proteins are acting as immunogens in mice infected with Trypanosoma cruzi and
maintained at elevated environmental temperature. In addition, differences in the
histopathology of cardiac and skeletal muscle in C3H mice maintained at 27°C (RT) or 36°C
(elevated temperature) at different times postinfection were investigated.

MATERIALS AND METHODS

Mice and Parasites
Female C3HeB/FeJ mice (Jackson Laboratory, Bar Harbor, Maine), 8-10 weeks
old at the time of infection, were used in this study. All mice were kept at RT (26±2°C) for
3 weeks prior to use. Mice were infected with the Brazil strain of T. cruzi which is
maintained in this laboratory as a stock infection in C3HeB/FeJ mice as BFTs. Mice were
infected intraperitoneally with 103 BFTs in 0.2 ml of Dulbecco's phosphate-buffered saline
(DPBS; GIBCO Laboratories, Grand Island, New York). After infection, mice were either
maintained at room temperature or placed in an environmental chamber and held at
36±0.2°C. Age-matched groups of non-infected mice were also held at either room
temperature or 36°C during the experiments. Food and water were provided ad libitum. All
mice were maintained and used in accordance with local IACUC guidelines.

Experimental design
The first set of experiments was designed to determine the antibody response to T.
cruzi antigens in infected mice held at either RT or 36°C. A total of 46 mice were used in
the study. Twenty mice were infected and maintained at RT, 20 mice were infected and
maintained at 36° and 3 non-infected mice were maintained at RT or 36°C.
The second set of experiments was designed to examine the effect of T. cruzi
infection on heart and skeletal muscle of mice maintained at RT or 36°C. A total of 18 mice
were used in this portion of the study. Eight mice were infected and maintained at RT, 8
mice were infected and maintained at 36°C, and one non-infected mouse was maintained at
16
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RTor36°C.

Cell Culture
Trypomastigotes used for protein labeling were obtained from culturing PSC3H
mouse fibroblasts (Davis and Kuhn, 1990) infected with BFTs. The cells were cultured at
36°C in RPMI 1640 (Sigma Chemical Co., St. Louis, MO) adjusted to pH 7.2 and
supplemented with penicillin G (100 units/ml), streptomycin (lOOmg/ml) and 10% fetal
bovine serum (FBS) in a 5% CO2 atmosphere.

Protein labeling
Trypomastigotes were collected by passing culture supematants through a Whatman
#4 filter and were centrifuged for 30 minutes at 1500 rpm. Parasite pellets were
resuspended in 1 ml methionine/cysteine free RPMI 1640 medium (ICN Biomedicals,
Irvine, CA) at a concentration of 1 X 107 cells/ml. After 30 min of incubation at three
different temperatures of 36°C, 39°C, and 42°C, translabeled 35S-methionine/cysteine (ICN
Biomedicals, Irvine, CA) was added to the suspension at a concentration of 0.1 mCi/ml
followed by a 3 hour incubation at the appropriate temperature. The parasites were then
washed and resuspended three times in ice-cold DPBS. After the final wash, the pellet of
parasites was dissolved in 500 (J.1 Triton X-100 lysis buffer with protease inhibitors (150
mM NaCl, 50 mM Tris-HCl, pH7.6, 0.5% Triton X-100, 1 mM PMSF in 100% ethanol;
Sigma ) for 30 min on ice bath with intermittent and vigorous vortexing. Finally, the lysis
mixture was centrifuged at 6000 rpm for 5 minutes and the supematants containing
radiolabeled parasite proteins were stored at -70°C.
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Immunoprecipitation
Sera were obtained from infected mice held at either RT or 36°C on days 15, 25,
35, and 45 of infection, as well as from non-infected control mice on day 25. Translabeled
T. cruzi proteins were used in immunoprecipitation analysis of these sera.
Immunoprecipitation analysis was performed according to a method similar to that of
McDaniel et al. (1986). Each 200 \i\ translabeled protein sample was combined with 10 JJ.1
of appropriate serum and 200 \i\ of NETT buffer [150 mM NaCl, 5 mM EDTA, 50 mM
Tris-HCl, 0.5% Triton X-100, 0.2% sodium azide ( NaN3 ), and 1% BSA]. Samples were
then incubated at room temperature for 1 hour with frequent agitation, followed by
overnight incubation at 4°C. Fifty |il of washed protein A-agarose (diluted 1:1 with NETT
buffer) (Bio-Rad, Hercules, CA) was added to each of the samples with frequent agitation
for 2 hours at RT. The beads were then washed four times [twice with NETT buffer; once
with TSA buffer (0.01 M Tris-HCl, pH8.0, 0.14 M NaCl, and 0.025% sodium azide); and
once in 0.05 M Tris-HCl, pH 6.8]. The protein A-agarose beads containing translabeled
proteins were resuspended in 25 (J.1 of 0.05 M Tris-HCl buffer, pH 6.8 and were
solubilized by boiling in 25 (j.1 of 2X SDS/sample buffer (0.08 M Tris-HCl, pH6.8, 0.1 M
dithiothreitol, 2.0% SDS, 10% glycerol, and 0.2% bromophenol blue) for 3 min with
intermittent vortexing. Samples were then centrifuged at 5000 X g for one minute to pellet
the beads.

SDS-PAGE and autoradiography
Polyacrylamide gels containing 0.1% sodium dodecyl sulfate (SDS) with a 5%
stacking gel and a 12.5% resolving gel, as described by Laemmli (1970), were used to
resolve translabeled parasite antigen mixtures. The following molecular weight markers
were included in each gel: myosin, 6-galactosidase, bovine serum albumin, ovalbumin,
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carbonic anhydrase, soybean trypsin inhibitor, lysozyme, and aprotinin (Bio-Rad
Laboratories, Richmond, CA). An equal amount (10 |xl) of solubilized parasite antigen
mixture was placed into each of the sample wells, and the gel was run in IX
SDS/electrophoresis buffer (25 mM Tris Base, 192 mM Glycine, 3.5 mM SDS, pH 8.3)
at 25 mA through the stacking gel and 35 mA through the resolving gel. The gels were then
dried and exposed to Kodak diagnostic film (Kodak X-OMAT RP, XRP-5) for 2 weeks at
-20°C, developed in GBX developer (Sigma) for 1 minute and fixed in GBX fixer (Sigma)
for 5 minutes.

Molecular Weight Estimates
Data were analyzed with StatView SE software on a Macintosh computer. To
estimate the molecular weights of proteins precipitated by sera from mice maintained at RT
and an elevated temperature of 36°C, on day 15 of infection, a polynomial regression
equation Y= 5.509-2.141x+1.028x2 with r 2 = 0.994 was used. Molecular weights (MW)
for day 25 of infection were estimated using the polynomial regression equation Y= 5.5442.206x+l .082x2 with r 2 = 0.967 and the molecular weights of proteins precipitated on day
35 and day 45 of infection were estimated using polynomial regression equation Y= 5.5202.091x+0.998x 2 with r 2 = 0.995 and Y= 5.525-2.43x+1.354x2 with r 2 = 0.991
respectively. The calibration curve of LogMW vs Rf values did not show a linear
relationship; therefore, the more common simple regression could not provide an accurate
estimate of MW of parasite proteins.

Histopathology
Four mice, two each from the RT and 36°C groups, were killed on days 15, 25,
and 35 postinfection (p.i.). In addition, two mice from the RT-infected group were killed
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on day 42 p.i; whereas, two mice from the 36°C-infected group were killed on day 95 p.i.
Heart and triceps were removed and fixed in 10% neutral buffered formalin for 48 hrs.
Hearts were cut into four parts and each part was fixed separately. Tetrahydrofuran (THF)
(Sigma) was used for the dehydration step, as described by Sheehan and Hrapchak (1987),
(one change in 1:1 THF/H^O v:v; three changes in 100% THF; one overnight change in 1:1
THF/paraffin v:v; and one overnight incubation in 100% paraffin). Paraffin-embedded
heart and tricep tissues were then sectioned at 4-5 microns, stained with hematoxylin-eosin
(Sigma), and examined by light microscopy.

Parasitemias
Parasitemia levels were monitored in all infected mice beginning at day 15 and
continuing every 3-4 days throughout the course of infection. A 4 |il sample of blood was
taken from the tail, diluted in 96 p.1 PBS, and was counted using a hemocytometer. Mice
were monitored daily to determine levels of mortality and morbidity. Results are
summarized in Tables 2 and 3.

RESULTS

Immunoprecipitation of parasite antigens
Trypanosoma cruzi trypomastigotes, metabolically translabeled with
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methionine/cysteine at either 36, 39, or 42°C, were used as a source of antigens for
immunoprecipitation analysis. These temperatures were chosen because mice maintained at
RT have an average internal body temperature of 36°C, while mice maintained at 36°C
typically have an average daily temperature of approximately 39°C (Anderson & Kuhn,
1989). A temperature of 42°C is lethal to the parasite. Radiolabeled-T. cruzi protein extracts
prepared from trypomastigotes incubated at 36, 39 or 42°C were separated by SDS-PAGE
and analyzed by autoradiography. As shown in Figure 1A and IB, by day 15 of infection
serum from mice infected and maintained at RT recognized parasite proteins of
approximately 93kDa, 83kDa, 66kDa, 57kDa, 50kDa, and 38kDa, while in mice
maintained at elevated temperature of 36°C the major proteins recognized were 93kDa,
83kDa, 57kDa, 50kDa, 38kDa, and 27kDa. The 66kDa protein was not recognized by sera
from the 36°C infected mice group. By day 25, an additional high MW band of
approximately 183kDa was recognized by serum from mice held at RT and 36°C. The
66kDa protein was recognized by sera from mice maintained at 36°C by this day of
infection. In addition, a 61kDa protein band was also precipitated by sera from both RT
and 36°C-maintained mice. A stronger response to the 93kDa, 83kDa, and 66kDa proteins
was seen in RT-infected mice as compared to 36°C-infected mice. Other proteins,
precipated by sera from both RT and 36°C-maintained mice, were of approximately 57kDa,
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50kDa, 38kDa, and 27kDa (Figure 2A and 2B). By day 35 of infection, another high MW
protein of approximately 192kDa was recognized by sera from both RT and 36°C-infected
mice. Strong reactivity with the 183kDa, 93kDa, 83kDa, and 66kDa proteins was seen in
both groups of mice on day 35. An intense reactivity to 61kDa protein was observed in
mice maintained at 36°C and incubated with parasites labeled at 39°C (Figure 3A and 3B).
By day 45 of infection, sera from 36°C-infected mice recognized proteins of approximately
183kDa, 93kDa, 83kDa, and 66kDa more intensely than in the RT-infected mice group. A
strong reactivity to 66kDa protein was observed in mice maintained at RT and 36°C and
incubated with parasites labeled at 39°C. In addition, a low MW protein of approximately
27kDa was recognized only by serum from 36°C-infected mice incubated with 36°C
labeled parasites (Figure 4A and 4B).

Histopathology
Hearts and triceps dissected from RT and 36°C-infected mice were examined
histologically for inflammation, edema, pseudocysts, necrosis and myocardial or skeletal
muscle destruction. Figures 5A, 5C, and 5E show histological sections of heart atrium,
heart ventricle and skeletal muscle, respectively, dissected on day 15 postinfection from
mice maintained at RT. Figures 5B, 5D, 5F show histological sections of heart atrium,
heart ventricle and skeletal muscle, respectively, dissected on day 15 postinfection from
mice maintained at an elevated temperature of 36°C. No abnormalities were detected in
either heart or skeletal tissue of mice maintained at RT or 36°C.
Figures 6A, 6C, 6E and 6B, 6D, 6F show histological sections of heart atrium,
heart ventricle and skeletal muscle, respectively, dissected 25 days postinfection from mice
maintained at RT and elevated temperature of 36°C, respectively. By this day of infection
cardiac tissue of mice maintained at RT showed mild inflammation, edema, and early
necrotic changes (Figure 6A and 6C). Pseudocysts containing amastigote stages of the
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parasite were also detected. However, no observable abnormality was detected in the
skeletal muscle. In contrast, no pathological abnormalities were detected in the heart or
skeletal tissues from mice maintained at 36°C.
Heart tissue dissected from RT-infected mice killed on day 35 p.i. showed heavy
infiltration of chronic inflammatory cells, and severe edema. The tissue showed numerous
irreversible necrotic changes including: contraction of the cytoplasm, and pyknotic nuclei
(Figure 7A and 7C). Loss of cardiac myocytes, cellular edema, and a large number of
pseudocysts were also observed. In the skeletal tissue the inflammation was not as intense;
however, some pseudocysts were detected (Figure 7E). In the 36°C-infected mice one
pseudocyst was detected in the ventricular tissue of the heart; however, no heavy
infiltration of the chronic inflammatory cells, edema, or necrotic changes were observed.
No pathological abnormalities were detected in the skeletal tissue.
By day 42 of infection, heart tissue of RT-infected mice showed massive infiltration
of chronic inflammatory cells, extensive edema, severe necrosis and loss of myocytes, and
numerous pseudocysts (Figures 8A, 8B, 8C, and 8D). The skeletal tissue also showed
heavy infiltration by chronic inflammatory cells, massive edema, and a large number of
pseudocysts but the infiltration was milder than seen in the cardiac tissue (Figure 8E and
8F).
The last two mice maintained at 36°C were killed on day 95 p.i. At this day of
infection mouse #7 had no detectable parasitemia while mouse #8 had a parasitemia of
15.6xlO5/ml (see Table 2). A few pseudocysts were detected in the heart ventricle of
mouse #8 (see Figure 9D). In addition, in some areas of the heart a heavy infiltration of
chronic inflammatory cells was observed. A mild cellular infiltration was observed in the
skeletal tissue of mouse #8; however, no pseudocysts were detected (Figure 9F). Although
some subtle changes in the tissues were observed there was no evidence of necrosis. In
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contrast, in the heart and the skeletal tissue of mouse #7 no pathological changes were
observed (Figure 9A, 9C, and 9D).
The heart and the skeletal tissues dissected from the non-infected control mice
maintained at RT showed normal tissue architecture and no abnormalities (Figure 10A,
10B, and IOC).
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Table 2. # Parasites/ml blood in RT infected mice

Days of infection

Mouse
18

21

25*

.625

1.25

2.50

10.6

0

0

0

1.88

7.50

5

0

.625

1.88

3.13

6

0

0

.625

7

0

.625

8

0

0

11

15*

1

0

0

2

0

0

3

0

4

Day mice were killed p.i.
Parasitemias are expressed x 105

39

42*

40.6

102

126

1.25

8.13

44.4

36.9

3.13

14.4

29

32

35*

5.00

11.3

16.3

33.1

2.50

3.13

8.13

9.38

1.25

1.25

5.00

5.63

1.88

1.88

5.63

4.38
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Table 3. # Parasites/ml blood in 36°C infected mice

Days of infection

Mouse
11

15*

18

21

25*

29

32

35*

42

39

1

0

0

2

0

0

3

0

0

0

0

0

4

0

0

0

0

0

5

0

0

0

.625

•625

0

0

6

0

0

0

0

.625

0

0

7

0

0

0

0

0

0

0

.625

0

1.88

8

0

0

0

0

0

0

0

0

1.25

1.25
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Table 3. (cont.)

Days of infection

Mouse

47

53

62

69

76

83

90

95*

7

3.13

1.25

0

0

.625

0

0

0

8

1.88

4.38

8.75

9.38

9.38

13.1

33.1

15.6

Day mice were killed
Parasitemias are expressed x 105
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Figure 1A. Immunoprecipitation analysis of trypomastigote antigens with sera
from Trypanosoma cruzi- infected mice killed on day 15 of infection. Lanes 1, 2,
and 3 show parasite proteins precipitated by sera from mice maintained at RT and
incubated with parasites metabolically labeled with 35S-methionine/cysteine at 36°C,
39°C, and 42°C respectively. Lanes 4, 5, and 6 show parasite proteins precipitated
by sera from mice maintained at an elevated environmental temperature of 36°C and
incubated with parasites labeled at 36°C, 39°C, and 42°C respectively. The numbers
on the left refer to the migration of molecular weight standards.

Figure IB. NTH image analysis of SDS-PAGE gel presented in Figure 1A. Lanes
1 and 2 show parasite proteins precipitated by sera from mice maintained at RT and
incubated with parasites metabolically labeled with 35S-methionine/cysteine at 36°C
and 39°C respectively. Lanes 3 and 4 show parasite proteins precipitated by sera
from mice maintained at 36°C and incubated with parasites labeled at 36°C and 39°C
respectively.
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Figure 2A. Immunoprecipitation analysis of trypomastigote antigens with sera
from Trypanosoma cruzi-infected mice killed on day 25 of infection. Lanes 1, 2,
and 3 are negative controls. Lanes 4, 5, and 6 show parasite proteins precipitated
by sera from mice maintained at RT and incubated with parasites labeled at 36°C,
39°C, and 42°C respectively. Lanes 7, 8, and 9 show parasite proteins precipitated
by sera from mice maintained at an elevated environmental temperature of 36°C and
incubated with parasites labeled at 36°C, 39°C, and 42°C respectively. The numbers
on the left refer to the migration of molecular weight standards.

Figure 2B. NIH image analysis of SDS-PAGE gel presented in Figure 2A. Lanes
1 and 2 are negative controls. Lanes 3 and 4 show parasite proteins precipitated by
sera from mice maintained at RT and incubated with parasites metabolically labeled
with

S-methionine/cysteine at 36°C and 39°C respectively. Lanes 5, and 6 show

parasite proteins precipitated by sera from mice maintained at 36°C and incubated
with parasites labeled at 36°C and 39°C respectively.
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Figure 3A. Immunoprecipitation analysis of trypomastigote antigens with sera
from Trypanosoma cruzi-infected mice killed on day 35 of infection. Lanes 1, 2,
and 3 are negative controls. Lanes 4, 5, and 6 show parasite proteins precipitated
by sera from mice maintained at RT and incubated with parasites labeled at 36°C,
39°C, and 42°C respectively. Lanes 7, 8, and 9 show parasite proteins precipitated
by sera from mice maintained at an elevated environmental temperature of 36°C and
incubated with parasites labeled at 36°C, 39°C, and 42°C respectively. The numbers
on the left refer to the migration of molecular weight standards.

Figure 3B. NDi image analysis of SDS-PAGE gel presented in Figure 1A. Lanes
1 and 2 show parasite proteins precipitated by sera from mice maintained at RT and
incubated with parasites metabolically labeled with 35S-methionine/cysteine at 36°C
and 39°C respectively. Lanes 3 and 4 show parasite proteins precipitated by sera
from mice maintained at 36°C and incubated with parasites labeled at 36°C and 39°C
respectively.
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Figure 4A. Immunoprecipitation analysis of trypomastigote antigens with sera
from Trypanosoma cruzi- infected mice killed on day 45 of infection. Lanes 1, 2,
and 3 show parasite proteins precipitated by sera from mice maintained at RT and
incubated with parasites metabolically labeled with 35S-methionine/cysteine at 36°C,
39°C, and 42°C respectively. Lanes 4, 5, and 6 show parasite proteins precipitated
by sera from mice maintained at an elevated environmental temperature of 36°C and
incubated with parasites labeled at 36°C, 39°C, and 42°C respectively. The numbers
on the left refer to the migration of molecular weight standards.

Figure 4B. NIH image analysis of SDS-PAGE gel presented in Figure 4A. Lanes
1 and 2 show parasite proteins precipitated by sera from mice maintained at RT and
incubated with parasites metabolically labeled with35S-methionine/cysteine at 36°C
and 39°C respectively. Lanes 3 and 4 show parasite proteins precipitated by sera
from mice maintained at 36°C and incubated with parasites labeled at 36°C and 39°C
respectively.
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Figure 5. Photomicrograph of heart and skeletal tissue of C3HeB/FeJ mice
infected 15 days with the Brazil strain of T. cruziand maintained at RT (A, C, and
E) or an elevated temperature of 36°C (B, D, and F). A, heart atrium from a RTinfected mouse. B, heart atrium from a 36°C-infected mouse. C, heart ventricle
from a RT-infected mouse. D, heart ventricle from a 36°C-infected mouse. E, tricep
from a RT-infected mouse. F, tricep from a 36°C-infected mouse. Bar, 3|im.
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Figure 6. Photomicrograph of heart and skeletal tissue of C3HeB/FeJ mice
infected 25 days with the Brazil strain of T. cruziand maintained at RT (A, C, and
E) or an elevated temperature of 36°C (B, D, and F). A, heart atrium from a RTinfected mouse. Note pseudocyst (p) containing amastigotes. B, heart atrium from
a 36°C-infected mouse. C, heart ventricle from a RT-infected mouse. Note the
necrosis (n); intracelleular edema (arrow); and pseudocyst (p). D, heart ventricle
from a 36°C-infected mouse. E, tricep from a RT-infected mouse. F, tricep from a
36°C-infected mouse. Bar, 3jim.
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Figure 7. Photomicrograph of heart and skeletal tissue of C3HeB/FeJ mice
infected 35 days with the Brazil strain of T. cruziand maintained at RT (A, C, and
E) or an elevated temperature of 36°C (B, D, and F). A, heart atrium from a RTinfected mouse heavily infiltrated with pseudocysts (p); a heavy mononuclear
cellular infiltrate, and visible necrotic changes. B, heart atrium from a 36°C-infected
mouse. C, heart ventricle from a RT-infected mouse. Note the necrosis (n);
intracelleular edema (arrow); and pseudocysts (p). D, heart ventricle from a 36°Cinfected mouse. E, tricep from a RT-infected mouse, showing a large parasite nest
(p). F, tricep from a 36°C-infected mouse. Bar, 3|im.
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Figure 8. Photomicrograph of heart and skeletal tissue of C3HeB/FeJ mice
infected 42 days with the Brazil strain of T. cruziand maintained at RT (A-F). A
and B, heart atrium from a RT-infected mouse heavily infiltrated with pseudocysts
(p) and mononuclear cellular infiltrate. Severe necrosis (n) and massive edema
(arrow) are visible. C and D, heart ventricle from a RT-infected mouse. Similar
characetristies, as seen in atrium, are visible. E and F, tricep from a RT-infected
mouse. A huge parasite nest (p); edema (arrow); and widespread tissue destruction
are visible. Bar, 3p.m.
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Figure 9. Photomicrograph of heart and skeletal tissue of C3HeB/FeJ mice
infected 95 days with the Brazil strain of T. cruzi&nd maintained at 36°C (A-F). A,
C, and E, shows sections of heart atrium, venticle, and a tricep respectively from
mouse #7 maintained at 36°C. B, D, and F, shows sections of heart atrium,
venticle, and a tricep respectively from mouse #8 maintained at 36°C. Only one
psedocyst (p) was found in the ventricle of mouse #8; some edema and
inflammation is also visible. Bar, 3(j.m.
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Figure 10. Photomicrograph of heart and skeletal tissue of C3H/FeJ non-infected
mice maintained at RT. A, B, and C, show sections of heart atrium, venticle, and
tricep respectively. Bar, 3|im.
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DISCUSSION

The beneficial effects of fever have been widely reported since ancient time and
often have been regarded as favorable to the patient's survival. Induction of artificial fever
was used as a treatment to combat a number of infectious diseases in the 1930s prior to the
widespread use of antibiotics (Roberts, 1979). It also has been known for some time that
an elevated environmental temperature can increase the resistance of the vertebrate host to
T. cruzz'-infection (Kolodny, 1940; Trejos et al., 1965; Amrein, 1967; Marinkelle &
Rodriguez, 1968; Anderson & Kuhn, 1989; Dimock, et al., 1991, 1992; Guo, 1994;
Ming, 1994; Gao, 1995). The infected animals maintained at an elevated temperature of
36°C experience an increase in body temperature of approximately 3-4°C, reaching levels
which are characteristic of a febrile response. Anderson and Kuhn (1989) reported that
when highly susceptible C3HeB/FeJ mice were infected with the Brazil strain of T. cruzi
and maintained at an elevated temperature of 36°C, they not only survived the otherwise
lethal infection but also experienced much lower parasitemias and enhanced immune
responsiveness. In contrast, mice maintained at RT experienced high parasitemias and a
profound suppression of both parasite-specific and nonspecific immune responsiveness.
All mice maintained at RT died by day 38 of infection. The beneficial effects of
hyperthermia have also been described in the treatment of humans with acute Chagas'
disease (Acuna et al., 1963).
Elevated environmental temperature may have a variety of direct and indirect effects
on parasites. These effects may range from changes in the morphology of the parasites
(Otieno, 1973), enhancement of the cellular immune response ( Anderson and Kuhn, 1989)
38
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to changes in the production of heat-inducible proteins by the parasites. T. cruzi can
produce hsps that serve as targets of the immune response and these hsps may be among
the most immunogenic of parasite antigens recognized by the vertebrate host (Dragon et al.,
1987; Engman et al., 1990; Shinnick, 1991). The present study was designed to determine
if parasite heat shock proteins are major targets of the parasite-specific host immune
response and whether they are playing any role in conferring temperature-related resistance
to T. cruzi infection.
In the present study, all detectable parasite proteins synthesized at 39°C also were
identified in the protein profile of parasites incubated at 36°C, indicating that these proteins
were synthesized constitutively by the parasites. However, with an increase in incubation
temperature, the quantity of some of the proteins synthesized (and especially those of 27,
38, 50, and 57 kDa) was shown to decrease. On the other hand, a few parasite proteins
were synthesized much more abundantly at the higher temperature, especially proteins with
molecular masses of 61, 66, 83, and 93 kDa which fall within the typical parasite hsp
families of hsp60, hsp70 and hsp90 (Figure 1A-4A). These observations correspond well
with the results reported by several investigators (Carvalho et al., 1987; Dragon et al.,
1987; Engman et al., 1990). The results of the present study indicate that parasite hsp93,
hsp83, and hsp66, are the major heat shock proteins recognized by the sera from both RTinfected and 36°C-infected mice. By day 15 of infection, the reactivity of antisera with
antigens prepared at 39°C incubation was stronger in RT-maintained mice than in 36°Cmaintained mice (Figure 1A and IB). This response suggests that some other immune
mechanisms, in addition to the humoral response, are also playing a role in providing a
temperature related resistance in the early stages of infection. A 66kDa heat shock protein
(belonging to hsp70 family), which was not recognized by sera from 36°C-infected mice by
day 15 of infection, was precipitated by day 25 of infection (Figure 2A). However, the
reactivity of antisera with the 66kDa antigen prepared at 39°C incubation was stronger in
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RT-maintained mice than in 36°C-maintained mice (Figure 2B). The antibody response to
the 66kDa protein reached its peak on day 35 postinfection. It has been reported that the
hsp70 of T. cruzi elicits an antibody response in humans that is highly specific to the
parasite and does not cross-react with human hsp70 (Engman et al., 1990).
Another heat shock protein of approximately 61kDa was also recognized by sera
from both RT and 36°C-infected mice groups. However, a stronger response to this heat
shock protein was observed with antigen prepared at 39°C incubation by sera from 36°Cmaintained mice, particularly on day 35 of infection (Figure 2B and 3B). Dimock et al.
(1992) also reported a 61kDa protein, preferentially recognized by antisera from mice
maintained at 36°C, by day 25 of infection. Apparently this antigen is not strongly
immunogenic in RT-maintained mice (Figure 2A and 3A). The reactivity to this antigen
declined rapidly by day 45 of infection and was almost non-detectable in RT or 36°Cmaintained mice (Figure 4A and 4B).
Dragon et al. (1987) have described a highly immunogenic hsp83 produced by T.
cruzi epimastigotes. The results of the present study indicate that both hsp83 and hsp93 are
recognized very early in infection, more intensely by RT than in 36°C-maintained mice
(Figure 1A and 2A). The antibody response to hsp83 and hsp93 reached its peak by day 35
postinfection (Figure 3A), and the response was then shifted towards 36°C-maintained
mice (Figure 4A).
In the present study, immunoprecipitation analysis identified several parasite
proteins that were highly immunoreactive, with molecular masses of 27, 38, 50, 57, 61,
66, 83, 93, 183 and 192 kDa. A review of the available literature on heat shock proteins of
T. cruzi revealed substantial variability between investigators in molecular weight
estimates. Such variation could be due to 1) the use of different parasite strains, 2) the use
of different molecular weight standards, or 3) the use of different methods for calculating
molecular weights. When simple regression analysis was used to estimate the M.W of
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parasite proteins in the present study the major hsps 93, 83, and 66kDa were estimated to
be 103,93, and 76kDa, respectively, which is closer to values reported by Carvalho et al.
(1987) and Gao (1995). However, a polynomial regression was used in the present study
to estimate molecular weights because of the high r2 values which were obtained.
In conclusion, the results of the present study show that several parasite hsps are
highly immunogenic and may play an important role in conferring temperature-related
resistance to T. crwzz-infection. However, further experiments will be required to determine
the significance of the differences seen in the reactivity of antisera from RT and 36°Cinfected mice groups. Future research possibilities also could include studying the role of
cellular immune responses, cytokines, and the nitric oxide in determining the temperaturerelated resistance to T. cruzi-infection.
The heart has long been known as the major target organ involved during the course
of infection with T. cruzi. However, the pathogenesis of the slow and progressive heart
damage that occurs during Chagas' disease is poorly understood. Although presently
debated much of the damage seen is believed by many to have an autoimmune basis
(Kierszenbaum, 1986). Laguens et al. (1988) showed that antisera from T. cruzi -infected
mice reacted with syngeneic heart extracts and mediated antibody-dependent cell-mediated
cytotoxic responses against normal cardiac myocytes in vitro. In another study, using
ELISA and immunofluorescence assays, the same group of researchers showed that heart
and skeletal muscle epitopes recognized by the chagasic sera from chronically infected T.
cruzi patients were glycolipid in nature and that chagasic sera contained a higher titer of
anti-skeletal muscle glycolipid antibodies than the control sera (Laguens, 1994). Tibbetts et
al. (1994) found that antisera collected from T. cruzi infected C57BL/6 mice reacted with
three cardiac antigens of molecular masses of 200, 150 and 53kDa. The p200 and pl50
were specifically found in heart muscle; whereas, p53 also was found in skeletal muscle.
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The presence of antibodies specific for these antigens further supported the idea that
autoimmune processes underlie cardiomyopathic pathogenesis.
Sun and Tarleton (1993) used two different mouse models of T. cruzi infection to
study the role of CD4+ and CD8+ T cells in the inflammatory process in acute T. cruzi
infection. Their results showed that the majority of the infiltrating cells were Thy
1.2+CD8+ CD4- T cells in both heart and skeletal muscle during acute T. cruzi infection.
In a later study, Tarleton et al. (1994) found that CD8+ T cells also were the major
lymphocyte population in the inflammed myocardium in the postacute and chronic stage of
infection, with relatively fewer CD4+ T cells and B-cells present. The ratio of CD8+ to
CD4+ T cells in the inflammatory sites remained constant throughout the course of
infection. Furthermore, depletion of CD8+ and CD4+ T cells increased susceptibility to
infection and resulted in increased inflammatory responses and increased tissue parasite
load in the chronic stage of infection. Dutra et al. (1996) performed double-labeling studies
to determine the frequency of CD28 expression by CD4+ and CD8+ T cells in the
peripheral blood of patients with Chagas' disease. It was reported that in chagasic patients
there was a higher proportion of CD4+ CD28- and CD8+CD28- T cells. Recently, Belloti
(1996) reported that T. cruzi antigens were frequently detected in the heart of chronic
chagasic patients and there was a direct association between the intensity of the
inflammation and the presence of T. cruzi antigens. These results provide strong supportive
evidence that the parasites themselves are providing a stimulus for the chronic inflammatory
response, which is in contrary to the widely accepted autoimmune etiology of Chagas'
disease.
Although several reports on contributions of T cell subpopulations and cardiac
specific antigens have been published, to the author's knowledge, no detailed investigation
has yet been reported on differences in the histopathology between RT and 36°C-
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maintained mice. In the present study, heart and skeletal tissue from mice maintained at RT
or 36°C were analyzed for presence of inflammation, necrosis, edema or pseudocysts
containing amastigotes at different times post-infection. It was hypothesized that if an
elevated temperature can abrogate the circulating parasite levels then it may also be able to
reduce the inflammation in the heart and skeletal tissue in the chronic stage of the disease.
The results of the present study confirmed this hypothesis. In the early part of infection
(day 15) no observable differences were observed in heart and skeletal tissue from RT and
36°C-maintained mice. RT-maintained mice started exhibiting parasitemia as early as day 15
p.i. (see Table 2); whereas, 36°C-maintained mice experienced very low parasitemia which
was first evident on day 21 p.i. (see Table 3). The level of tissue parasite burden and
inflammation correlated well with the blood parasitemia. The higher the parasitemia the
greater the degree of inflammation and the greater the level of tissue parasitism. Parasites
invaded heart tissue earlier than skeletal tissue. In the RT-maintained mice parasitemia
levels increased slowly over the first thirty days of infection and then increased more
rapidly (see Table 2). Heart tissue from RT-maintained mice, by day 25 p.i., showed mild
to moderate inflammation, early necrosis, and a few parasite nests. However, by day 35
p.i., several inflammatory foci, necrotic changes, intracellular edema, and pseudocysts
were visible. Skeletal muscle from the RT-infected mice showed mild to no inflammation
up to day 25 p.i. However, by day 35 a few amastigote nests and moderate inflammation
were observed. Just seven days later, when the last group of RT-maintained mice were
killed on day 42 p.i., heart and the skeletal tissue showed massive tissue destruction with
large numbers of pseudocysts and a heavy infiltration of mononuclear cells.
In marked contrast, heart tissue from 36°C-maintained mice killed on day 15 and
day 25 p.i. did not show any evidence of heavy infiltration of mononuclear cells, necrosis
or tissue-dwelling parasites. By day 35 p.i. some inflammation and a low number of
pseudocysts were observed. However, no parasites were detected in the skeletal tissue of
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36°C-maintained mice at any day p.i.
In the heart of one 36°C-maintained mouse (#8), which had a parasitemia of
I5.6x\tf/m[ at the time it was killed 95 days p.i., some amastigote nests were detected (see
Figure 9D). In this particular mouse, for reasons unknown, parasitemia levels failed to
drop to zero during the course of chronic infection. In mouse #7, from the same group, the
parasitemia was resolved by day 62 postinfection (see Table 3). There were no parasites
detected in the heart and skeletal muscle of this mouse. Although both mice were
maintained under similar environmental conditions, the significance of the differences in the
histopathology in these two mice is not clear. However, these results do confirm a direct
correlation between the numbers of circulating parasites, the tissue parasite load and the
level of inflammation which, has been reported by other investigators (Tarleton et al.,
1994). Although the exact mechanism by which 36°C-maintained mice are experiencing
low parasitemias and low levels of inflammation as compared to RT-infected mice is not
fully understood, the possibility does exist that the parasite itself might be initiating the
inflammatory response by stimulating the production of cytokines (Hulsebos et al., 1989)
and in the absence of the parasite the chances of tissue damage are decreased.
The data obtained from this portion of the study provide strong evidence for a
"therapeutic" effect of higher temperature in chronic experimental Chagas' disease.
Elevated environmental temperature has a negative impact not only on circulating parasites
but also on tissue stages of the parasite in both acute and chronic stages of T. cruzi
infection in mice maintained at 36°C. The striking differences in the level of inflammation,
number of parasite nests, and other characteristics of chronic inflammation observed in the
heart and the skeletal tissue of mice maintained at 36°C and RT further support the idea that
the parasite load itself, either directly or indirectly, is responsible for the severity of chronic
Chagas' disease.
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